Piscirickettsia salmonis is the first of the previously unrecognized rickettsial pathogens of fish to be fully characterized. Since the recognition of P. salmonis in 1989, the impact of rickettsial pathogens in fish has become increasingly apparent. Growing awareness of the emergence of these fastidious intracellular organisms has led to the discovery of rickettsial diseases among diverse species of fish from different geographic locations and aquatic environments. The source, reservoir, and mode of transmission of these agents as well as appropriate methods of disease prevention and control remain to be established. 
Synopses
Piscirickettsia salmonis, was the first rickettsialike organism isolated from fish, characterized, and demonstrated to cause disease in experimentally infected hosts (6) . Initially, rickettsial infections of fish were thought to be confined to coho salmon in southern Chile, but the agent and the disease it causes have since been observed in other locations (Table 2) . In British Columbia, Brocklebank et al. (9, 10) observed that sea-farmed Atlantic salmon (Salmo salar) also manifested pathologic features indistinguishable from those of salmonids in Chile. The causation of the disease was established by experimental infection followed by isolation in CHSE-214 cells. The organism was morphologically similar to P. salmonis, but comparatively less virulent for salmonids. These researchers also provided anecdotal reports that the same condition occurred as early as 1970 in pink salmon (Oncorhynchus gorbuscha) held in sea water tanks in British Columbia; beginning in the 1980s, the condition was also seen in coho and chinook salmon from local sea farms rearing salmonids. Rickettsiae morphologically similar to those implicated in the diseases in Chile and Canada also caused low level mortality in Atlantic salmon held in sea water cages in Norway (11) and Ireland (12) . We have identified all of these agents as P. salmonis by direct fluorescence antibody tests using the polyclonal antiserum (unpub. data; 13).
Until 1994, all recognized rickettsial diseases of fish had been observed in species of salmonids cultured in sea water. However, it is now apparent that these pathogens affect fish over a broad host and geographic range and in both fresh water and marine environments. Chern and Chao (14) reported an epizootic rickettsial disease in several species of tilapia in both marine and fresh water ponds in Taiwan (Table 1) . Death rates associated with this disease reached 95% at certain sites. Khoo et al. (15) reported a rickettsialike organism in moribund specimens of a fresh water tropical fish, the blue-eyed plecostomus (Panaque suttoni), shipped to the United States from Colombia. In France, Comps et al. (16) found rickettsialike organisms in the brain of moribund juvenile seabass (Dicentrarchu labrax) exhibiting abnormal swimming behavior and in Chile, Gaggero et al. (17) isolated P. salmonis from diseased coho salmon and rainbow trout held only in fresh water. A different, and as yet unidentified, bacterium has been isolated in fish cell cultures from diseased Atlantic salmon in Chile that had been reared only in fresh water.
The organism is smaller than P. salmonis, ca. 0.2-0.8 vs. ca. 0.5-1.5 in diameter, and both are usually coccoidal in shape. The unidentified bacterium was intracellular in spleen and kidney, did not grow on several types of bacteriologic media, and reportedly did not react with polyclonal antibodies against P. salmonis (18) . The rickettsialike organisms observed in and/or isolated from nonsalmonid fish have not been characterized sufficiently to determine their relationship to P. salmonis. Taxonomic placement of these agents requires additional study.
Neorickettsia helminthoeca, the cause of the "salmon poisoning" disease of canids, is associated with fish but is not a fish pathogen. It is carried by the digenetic trematode, Nanophyetus salmincola, a parasite of salmonid fish in the Pacific Northwest (19) . N. helminthoeca has been cultured in canine and murine cells but does not grow in cells of salmonid fish (20) . Phylogenetically, N. helminthoeca is more closely related to the ehrlichiae and the rickettsia than it is to P. salmonis based on an analysis using the April 3, 1997, 16S rRNA gene sequence database containing 6,000 sequences. In addition, when P. Synopses salmonis was tested with N. helminthoeca antiserum by indirect immunofluorescence, no reaction was observed (6) .
There is no indication that P. salmonis or other rickettsial pathogens of fish cause disease in humans or other warm blooded animals. We speculate that the optimum temperature of 15°C to 18°C with no growth at 25°C and above prevents P. salmonis from becoming established in warm-blooded animals.
P. salmonis

Taxonomic Position
P. salmonis is the best characterized of the rickettsiae observed in and/or isolated from fish. The type species LF-89 T was isolated from a diseased coho salmon from a sea water netpen site in southern Chile during an epizootic. The organism has been placed in a new genus in the order Rickettsiales, family Rickettsiaceae based primarily on their similar morphology and obligate intracellular nature (6) . It has been deposited with the American Type Culture Collection as ATCC VR 1361.
Many rickettsiae observed in or isolated from fish since 1989 have been identified serologically as P. salmonis (Table 2) . We tested isolates from coho salmon and rainbow trout from Chile and from Atlantic salmon reared in Chile; British Columbia, Canada; and Norway. All five isolates are morphologically similar to LF-89 T and react with polyclonal antibodies against the type strain. Certain monoclonal antibodies developed in our laboratory can differentiate between these isolates (unpub. data). The 16S ribosomal DNA of these five isolates from three geographic locations were amplified by PCR to assess the genetic variability in this species or species-complex. The PCR products were sequenced and compared with other bacterial small subunit rRNA sequences. The genus Piscirickettsia belongs within the gamma subdivision of the proteobacteria and is not closely related to species of Erlichiae, Rickettsia, or Neorickettsia from the subdivision of alpha proteobacteria (Figure 1 ). The similarities Figure 1 . Phylogenetic relationships of Piscirickettsia salmonis, selected rickettsiae and bacteria. Evolutionary distances were calculated by the method of Jukes and Cantor (34) . After eliminating regions of ambiguity and uncertain homology 1,313 positions of the 16S rDNA gene were compared. (21) . Similarity values for EM-90 were 98.5% to 98.9%.
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Ehrlichia equi
To further clarify the genetic variability in this genus, the internal transcribed spacer (ITS) and 23S rDNA of six isolates have been analyzed. One spacer sequence was identified per isolate, and the region did not contain a tRNA gene. The ITS sequences were 311-bp in length and varied among the isolates (95.2% to 99.7% similarity). Only one ITS sequence was obtained for each of the P. salmonis isolates, suggesting the presence of one rRNA operon, which agrees with reports for other slow growing organisms (22) .
Approximately 1,900-bp of the 23S rDNA gene have been analyzed for the six isolates, and similarities ranged from 97.9% to 99.8%. Three Chilean isolates and the Norwegian and Canadian isolates are closely related (99.1% to 99.7% ITS and 99.3% to 99.8% 23S rDNA similarities). The sequence of isolate EM-90 differed from those of the other five isolates (similarities ranged from 95.2% to 96.9% ITS and 97.6% to 98.5% 23S rDNA).
Phylogenetic trees constructed with the 16S, ITS, and 23S rDNA data showed similar topography, further reinforcing the relationships indicated between the isolates. Comparison of the P. salmonis ITS with the 16S rDNA region shows that it has diverged on average 3.15 times faster than the 16S rDNA gene, while the 23S rDNA gene has diverged 1.6 times faster than the 16S rDNA gene. This is similar to findings with other obligate intracellular bacteria (23) . 
Characteristics of the
Synopses
P. salmonis can be cultivated in certain fish cell lines where it produces a cytopathic effect. It does not replicate on any known cell-free media, and its in vitro growth characteristics have been described (6) . Replication is optimal at 15°C to 18°C, retarded above 20°C and below 10°C, and does not occur above 25°C. It replicates to titers of 10 6 to 10 7 TCID 50 ml -l in fish cell cultures. Titers are decreased 99% or more by a single cycle of freeze-thaw at -70°C. The addition of 10% DMSO to the freezing medium acts as a cryopreservative. In vitro, it is sensitive to a broad range of antibiotics.
Tenfold dilutions of spent medium from an LF-89 T infected cell culture injected into groups of 40 juvenile coho salmon and groups of 30 juvenile Atlantic salmon resulted in death rates of 88% to 100% during a 42-day experiment (8) . Typical signs of the disease were present in the inoculated experimental coho, whereas in Atlantic salmon, the only gross sign of disease was death. The LD 50 was not obtained, but death in both species followed a dose-response pattern, and LF-89 T was reisolated from each group inoculated. Extracellular survival of LF-89 T was tested under selected environmental conditions (24); infectivity remained for at least 14 days in preparations of semipurified LF-89 T suspended in high salinity sea water at 5°C, 10°C, and 15°C. Infectivity was rapidly reduced in preparations suspended in fresh water. Titers dropped below the level of detection (10 2 TCID 50 ml -1 ) immediately but few are specific to piscirickettsiosis. Moribund fish collect at the water surface along the edges of the sea cages; they are lethargic, dark, and show loss of appetite (9); the gills are pale, and hematocrits are frequently 25% or less. The first signs observed are often hemorrhages and lesions of the skin. The lesions range from small areas to shallow ulcers up to 2 cm in diameter (25) . Internally, the kidney is swollen and the spleen enlarged. Petechial hemorrhages are found on the swim bladder and viscera. Diagnostic ringshaped, cream-colored lesions are present on the livers of chronically infected fish (Figure 4) . In acute cases, death may be the only gross sign of disease (27) . The histopathologic symptoms associated with P. salmonis infection and the disease it causes have been described, but a great deal of work remains to be done (25) (26) (27) . Piscirickettsiosis produces marked pathologic changes in most internal organs of infected fish, where severe changes occur in the intestine, kidney, liver, and spleen. Necrosis and inflammation may occur throughout the body, especially in cells adjacent to blood vessels. Epithelial hyperplasia results in lamellar fusion of the gills. The bacterium is commonly observed within macrophages and in the cytoplasm of infected host cells.
Mode of Transmission
The source, reservoir, and means of transmission of P. salmonis continue to be important after suspension in fresh water, and no infectious material could be recovered from these preparations.
Piscirickettsiosis
P. salmonis produces an epizootic disease of fish called piscirickettsiosis. Death rates associated with piscirickettsiosis in salmonids range from a high of 90% among coho in Chile (25) to a low of 0.06% in Canada and Norway (9, 11) . All species of salmonids cultured in Chile are affected by this disease, but the highest death rates occur in coho salmon cultured in salt water. Fish in sea water netpens begin to die 6 to 12 weeks after their transfer from fresh water (5). Deaths peak in the fall and rise again the following spring (26) .
A variety of clinical signs are associated with P. salmonis infection, Synopses areas of study. Although piscirickettsiosis has been observed in salmonid fish over a widespread geographic area (Table 2) , with the exception of the predictable annual epizootics in Chile, the infections seem sporadic and of limited virulence in other parts of the world. No association other than the marine environment and the host species is apparent between locations in Canada, Norway, and Ireland. One or more naturally occurring aquatic animals, perhaps only transiently present, may provide the source and reservoir of these rickettsiae in the widely separated diverse areas. No alternate host has been identified.
P. salmonis has been experimentally passed by injection (8, 26) , but the normal mode of transmission for this agent (horizontal, vertical, or through a vector) has not been demonstrated. Except in Coxiella burnetii, an intermediate host or vector is required for transmission of rickettsiae in the terrestrial environment (28) . C. burnetii not only has an intermediate host but appears to develop a sporogenic phase that protects it from drying when it is host or vector free. No vector or sporogenic phase has been observed for P. salmonis. P. salmonis may not require an intermediate host or sporogenic stage for survival and transmission in the aquatic environment. The extended extracellular survival time of this organism in salt water (24) may be of sufficient duration to permit horizontal transmission without a vector. The almost immediate deactivation of the rickettsia in fresh water makes direct horizontal transmission unlikely unless P. salmonis was protected by host(s) cell membranes or tissue exudates.
Limited research designed to demonstrate the role of horizontal transmission has provided mixed results. Garcés et al. (8) saw no evidence of horizontal transmission between injected coho salmon dying of piscirickettsiosis and uninjected salmon held in a cage in the same tank of flowing fresh water. Cvitanich et al. (26) reported horizontal transmission between injected and sham-injected coho salmon held in static fresh and sea water aquaria. Environmental conditions differed between experiments (e.g., flowing water at a mean temperature of 10.5°C vs. static water at 15°C), therefore, meaningful comparisons could not be made. Nevertheless, this research suggests that under certain circumstances, horizontal transmission is possible.
Although rickettsiae are found in the gonads of infected fish, vertical transmission of P. salmonis has not been demonstrated. The limited number of piscirickettsiosis cases reported in fresh water indicate that vertical transmission is, at best, rare. Until definitive studies are conducted, the questions of source, reservoir, and normal mode of transmission of P. salmonis remain unanswered.
Detection and Identification
Inoculation of susceptible fish cell lines is the most sensitive method for detecting P. salmonis (29) . However, isolation of an infectious agent sensitive to low levels of antibiotics routinely used in cell culture presents a problem. All cultures must be maintained in antibiotic-free medium.
Diagnostic specimens collected aseptically in the field may become contaminated by other bacteria. For this reason, preliminary diagnosis of piscirickettsiosis is normally made by examining Gram, Giemsa, methylene blue, or acridine orangestained kidney imprints or smears, and confirming their identity by serologic methods, e.g., immunofluorescence (13) or immunohistochemistry (30) .
A nested polymerase chain reaction (PCR) using universal 16S rDNA bacterial outer primers and P. salmonis-specific internal primers was developed to detect the genomic DNA. The nested PCR assay allowed detection of less than one P. salmonis tissue culture infectious dose 50 (TCID 50 ). Using the P. salmonis-specific primers in a single amplification allowed detection of 60 TCID 50 . The specificity of PCR was assessed with a panel of four salmonid and 15 bacterial genomic DNA preparations. Products derived from amplification were observed only from P. salmonis DNA (31) .
Restriction fragment length polymorphism analysis of the 16S rDNA products from six isolates of P. salmonis demonstrated that one isolate, EM-90, was different. Two additional primers were developed that differentiate EM-90 from the other five P. salmonis isolates (31) .
PCR using DNA extracted from spleens of tilapia or paraffin-embedded tissue of the blueeyed plecostomus did not produce amplification products. These tissues were collected and examined from fish during an epizootic caused by rickettsialike organism (unpub. data). Amplification using 16S rDNA universal primers was successful, which suggests that the rickettsialike organism infecting these fish were not P. salmonis.
Synopses
Control of the Disease
Although P. salmonis is sensitive in vitro to many of the antibiotics commonly used to control other infectious diseases of fish, e.g., tetracycline, erythromycin, and oxolinic acid (6, 26) , these preparations have not been useful in treating fish with piscirickettsiosis. Antibiotic levels may not reach sufficient concentrations within the host cells in vivo, to terminate replication of the pathogen.
The lack of effective methods for treating piscirickettsiosis has encouraged the development of disease prevention techniques. Vaccines have been successfully used for control of certain gram-negative bacterial diseases of fish; however, at present no efficacious preparations have been developed to protect fish against P. salmonis.
Questions remain concerning P. salmonis and the disease it causes in fish. The reservoir(s) of the infectious agent should be determined if the spread of the disease is to be controlled (32) . There is a need to determine the mode(s) of transmission of P. salmonis to fully understand the pathogenesis of piscirickettsiosis. The infectivity of P. salmonis for native, nonsalmonid fish has not been investigated. Difference in virulence between P. salmonis in Chile and salmonids in the Northern Hemisphere is an important consideration. It must be determined if intrinsic differences in the isolates, the host fish, the environment, or some combination of factors is responsible for these differences. The rickettsiae from salmonid fish in the fresh water and marine environments should be compared, and the relationships between the rickettsiae from salmonid fish and those from other fish species should be determined.
A new group of fish pathogens was recognized in 1989 with the isolation and identification of P. salmonis LF-89
T from cultured salmonids in Chile (5,6). The rickettsial etiology of an infectious disease of fish in a variety of locations and host species suggests that they are an important group of emerging fish pathogens (33) . These pathogens have caused severe mortality among cultured salmonids in Chile and are not present among stocks of important food fish cultured in British Columbia, Canada, Norway, and Ireland. Taiwan has experienced serious losses amon talapia, another important food fish. At least one species imported for aquaria are also infected with a rickettsialike agent. The lack of antimicrobial drugs and vaccines for prevention and control emphasize the need for additional research. The method of transmission of P salmonis is not understood and needs to be researched. The movement of fish and spread of the agent make the develoment of improved diagnostic techniques important.
